Blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI) has become a major tool to map neural activity. However, the spatiotemporal characteristics of the BOLD functional hemodynamic response across the cortical layers remain poorly understood. While human fMRI studies suffer from low spatiotemporal resolution, the use of anesthesia in animal models introduces confounding factors. Additionally, inflow contributions to the fMRI signal become non-negligible when short repetition times (TRs) are used. In the present work, we mapped the BOLD fMRI response to somatosensory stimulation in awake marmosets. To address the above technical concerns, we used a dual-echo gradient-recalled echo planar imaging (GR-EPI) sequence to separate the deoxyhemoglobin-related response (absolute T 2 * differences) from the deoxyhemoglobin-unrelated response (relative S 0 changes). We employed a spatial saturation pulse to saturate incoming arterial spins and reduce inflow effects. Functional GR-EPI images were obtained from a single coronal slice with two different echo times (13.5 and 40.5 ms) and TR=0.2 s. BOLD, T 2 *, and S 0 images were calculated and their functional responses were detected in both hemispheres of primary somatosensory cortex, from which five laminar regions (L1+2, L3, L4, L5, and L6) were derived. The spatiotemporal distribution of the BOLD response across the cortical layers was heterogeneous, with the middle layers having the highest BOLD amplitudes and shortest onset times. ΔT 2 * also showed a similar trend. However, functional S 0 changes were detected only in L1+2, with a fast onset time. Because inflow effects were minimized, the source of S 0 functional changes in L1+2 could be attributed to a reduction of cerebrospinal fluid volume fraction due to the functional increase in cerebral blood volume and to unmodeled T 2 * changes in the extra-and intra-venous compartments. Caution should be exercised when interpreting laminar BOLD fMRI changes in superficial layers as surrogates of underlying neural activity.
Introduction
The blood oxygenation level dependent (BOLD) functional magnetic resonance imaging (fMRI) has proven to be a valuable tool to non-invasively probe various brain areas at a macroscopic scale (Fukuda et al., 2016; Goense et al., 2016) . With continued improvement in both spatial and temporal resolution of MRI, BOLD fMRI has recently been applied to study the temporal dynamics of the laminar hemodynamic response and its underlying neural activity in both animal models and humans Jin and Kim, 2008; Siero et al., 2011; Silva and Koretsky, 2002) . The distinct function of the six cortical layers is the foundation of interlaminar connections, which form a larger and more complex intracortical network at macroscopic scale (Thomson and Bannister, 2003) . However, an indepth understanding of the spatiotemporal characteristics of the laminar BOLD response is essential to interpret the laminar BOLD response as a function of its underlying neural activity, to optimize the BOLD fMRI protocol, and to realize the spatiotemporal limitations of the BOLD fMRI technique.
Several studies have been conducted that characterize the temporal aspects of laminar BOLD contrast in various brain areas and species. Faster laminar BOLD onset times were reported in cortical layer 4 or 5, followed by layer 6, and then layers 1-3 of somatosensory cortex in anesthetized rats (Silva and Koretsky, 2002; Tian et al., 2010; Yu et al., 2014) . Cerebral blood volume or flow is reported to have onset time monotonically increasing by cortical depth in anesthetized rats or cats Jin and Kim, 2008; Norup Nielsen and Lauritzen, 2001) . However, the aforementioned animal studies suffered from confounds of general anesthesia, which is known to alter hemodynamic regulation and neuronal response (Liu et al., 2013; Masamoto and Kanno, 2012) . On the other hand, BOLD fMRI in humans shows promising results concerning faster BOLD onset times in layers 5-6 of the visual cortex (Siero et al., 2013) . Nevertheless, insufficient spatiotemporal resolution causes laminar onset times to be contaminated by partial volume of white matter or pial vessels/cerebrospinal fluid (CSF). Consequently, conscious, awake marmosets were adopted in the current study as a nonhuman primate model to bridge the gap between high-resolution fMRI in small animals and low-resolution fMRI in humans (Hung et al., 2015c; Silva et al., 2011) . Marmosets are phylogenetically closer to humans, compared to other small animals (Marmoset Genome and Analysis, 2014) , and have one of the highest cortical thickness to brain mass ratios among primates (Sun and Hevner, 2014) .
Another issue that commonly appears in high temporal resolution BOLD fMRI experiments is the large inflow contribution in BOLD contrast (Duyn et al., 1994) . Inflow might account for more than half of the BOLD contrast when there is not enough time for the MR signal to recover (Glover et al., 1996) . To separate the inflow contribution from the real BOLD contrast, a dual gradient-recalled echo planar imaging (GR-EPI) sequence was utilized to isolate spin-spin relaxation time (T 2 *) change from non-T 2 * change, which contained the inflow effect manifested as change in spin-lattice relaxation time (T 1 ) (Speck and Hennig, 1998) . The difference in T 2 * is presumably proportional to change in the amount of deoxyhemoglobin in the blood and directly related to BOLD contrast (Kim and Ogawa, 2012) . In addition, inflow contribution was suppressed by saturating the incoming blood below the circle of Willis in marmosets. Therefore, any remaining non-T 2 * signal would be either from outside of the vasculature and/or exceptions in modeling T 2 * by dual echoes.
The main goal of the current study was to investigate the spatiotemporal characteristics of the laminar BOLD hemodynamic response function in the primary somatosensory (S1) cortex of awake marmosets. To accomplish our goal, the present study implemented several strategies to avoid shortcomings in prior studies, such as confounding effects of anesthesia, insufficient spatiotemporal resolution, and inflow contribution. Our results show early onset times of laminar BOLD and deoxyHb component in layers 3-4 of S1, whereas the non-deoxyHb component, which was insensitive to T 2 * changes, was significant only in layers 1 and 2. The non-deoxyHb component in layers 1 and 2 exhibited a significantly faster onset time when compared to the deoxyHb component. Since inflow contribution was suppressed by saturation of arterial spins below the circle of Willis, this could only be explained by the shrinkage of the cerebrospinal fluid (CSF) compartment due to expansion of the arterial blood compartment. However, CSF partial volume could not fully explain the peak amplitude of the deoxyHb component in layers 1 and 2. The gap could be filled by the contribution of the slower intravenous signal that was not properly modeled by the dual-echo fitting.
Methods
All procedures were approved by the Animal Care and Use Committee of the National Institute of Neurological Disorders and Stroke. Four male adult common marmosets (Callithrix jacchus) weighting 350-500 g and aged 4-5 years old were housed in pairs in dedicated cages and maintained on a diurnal 12-hour light cycle. Their diet consisted of ad libitum Zupreem canned marmoset food, Purina 5040 biscuits, unfiltered water, and P.R.A.N.G. rehydrator. In addition, the animals were fed daily with various fruit and vegetable treats. Prior to being enlisted in the experiments, the marmosets were acclimated to lying in the sphinx position in an MRI-compatible cradle according to a 27-days long acclimatization protocol as described previously . Briefly, during the first phase, animals were dressed with a dedicated marmoset jacket (Lomir Biomedical, Inc. Malone, NY). The jacket was then attached with plastic zip-ties to a semi-cylindrical plastic cover, which was secured to the cradle using plastic screws. The marmosets were allowed to remain in the sphinx position for incremental periods of time from 15 min on day 1 to 90 min on day 9. Only marmosets that had behavioral score less than two (mostly quiet, agitated only initially) on day 9 in each phase of the training would advance to next phase. During the second phase, the marmosets were placed again in the MRI-compatible cradle for incremental periods of time while listening to pre-recorded MRI sounds inside a mock MRI tube. During the final phase, the animals' heads were then comfortably restrained by individualized 3D-printed helmets printed to fit each animal's MRI head profiles (Papoti et al., 2013) . The custom-built helmets have been demonstrated to effectively minimize head motion without stressing the animals (Belcher et al., 2013; Liu et al., 2013) . fMRI experiments were conducted in a 7 T/300 mm horizontal magnet interfaced to an AVANCE AVIII MRI spectrometer (Bruker, Billerica, USA) and equipped with a self-shielded 150 mm ID gradient set capable of generating 450 mT/m within 150 μs (Resonance Research Inc., Billerica, USA). An actively decoupled birdcage coil with an inner diameter of 110 mm was used as transmit coil. Individualized four-channel receive-only phased array coils were designed and embedded inside the custom-built helmets. The coil elements were sized and placed over the somatosensory cortex to maximize the sensitivity of the experiments (Papoti et al., 2013) . Functional images were obtained from a single coronal slice using a dual GR-EPI sequence (short echo time (TE1)/long echo time (TE2)/ repetition time (TR)=13.5/40.5/200 ms; nominal flip angle=26.3°; matrix size=128×48; in-plane resolution/thickness=0.25×0.25/ 1 mm 3 ). The bandwidth of the frequency encoding was 278 kHz and echo train length was 21.6 ms. An axial spatial saturation pulse was placed slightly above the circle of Willis to reduce the field-of-view and to saturate arterial spins between the neck and the circle of Willis. Slice position was determined by evaluating pilot fMRI data, and prescribed consistently across sessions with respect to the anatomical landmarks such as the anterior and posterior commissures (Liu et al., 2013) . Electrical stimuli of both hands were delivered by two pairs of contact electrode pads (Biopac Systems, Goleta, USA) placed proximal to the wrist, which stimulated the median, ulnar, and radial nerves of the hand. These pads were connected to stimulus isolators (World Precision Instruments, Sarasota, USA) controlled by a custom-built multichannel pulse generator and Presentation software (Neurobehavioral Systems, Berkeley, USA). The number of runs per session was limited by how long the marmosets could stay calm inside the magnet. Sessions with a significant amount of head motion or sessions with only unilateral activation as revealed by real-time AFNI analysis were omitted (Cox et al., 1995) . A total of 14 sessions with 5.7 ± 1.4 (mean ± standard deviation) runs per session were obtained from the four marmosets and included in the analysis. Each run consisted of an off-on-off boxcar paradigm containing 32 epochs of a 2 s-long prestimulus baseline, followed by a 4 s-long stimulation block, and a 26 slong post-stimulus recovery period. The first epoch of each run was always discarded for functional analysis to prevent the change of arousal state between scans from influencing the amplitude of the BOLD response. The stimuli consisted of electrical pulses with the following parameters: current intensity 1.5 mA, pulse duration 0.4 ms, and stimulus repetition frequency 50 Hz (Liu et al., 2013) . While in the magnet, the animals were continuously monitored by an MR-compatible camera (MRC Systems, Heidelberg, Germany). In addition, a pressure pillow was placed underneath the animals to monitor their respiration as a fail-safe measurement (Biopac Systems, Goleta, USA).
For each scan, the dual GR-EPI images were split into short echo (TE1=13.5 ms) and long echo (TE2=40.5 ms) images. Motion para-meters were estimated from the short echo images with the 3dAllineate from AFNI (Cox and Hyde, 1997) software package, and used to realign both short and long echo images to the middle scan of each session. Motion-corrected TE1 and TE2 images, excluding those with head displacement larger than a half pixel within one TR, were averaged across each session to generate a mean time series of one epoch. Visual examinations were done after the motion correction to ensure the quality of the motion correction. Pixel-by-pixel calculated BOLD, T 2 *, and S 0 images were averaged for each session and fed to the generalized linear model with BLOCK response function of AFNI's 3dDeconvolve to visualize statistical maps. BOLD statistical maps were also used to guide the positioning of the lateral boundaries of the laminar profile. Custom-written MATLAB (MathWorks, Natick, USA) scripts were used to extract the laminar profile from two echo images semi-automatically. First, the gray matter (upper) and white matter (lower) boundaries of the cortex were delineated by manually identifying and connecting voxels of lower signal intensity relative to the cortex in the short echo image, and fitting the boundaries with second order polynomials. The two ends of the boundary curves were confined to areas with significant activation (t > 1.98) as shown in Fig. 1a . Then, lines perpendicular to the tangent of every unique point on the gray matter boundary curve were generated. Along these projection lines, coordinates of 16 equal-distance points between gray matter and white matter boundaries were defined (see Fig. 1b , on the left). The average distance between adjacent points along projection lines was 0.12 mm from both hemispheres of all sessions. Finally, the intensity of every depth point was bi-linearly interpolated from raw images and averaged over the same level to produce profiles of 16 laminas.
For each averaged lamina, the time-dependent signals S 1 (t) and S 2 (t) were defined as short echo (TE1) and long echo (TE2) images, respectively:
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where T 2 *(t) and S 0 (t) are time-dependent functions of T 2 * and MR signal at TE=0, respectively. The temporal evolution of T 2 * reflects changes in the amount of deoxyhemoglobin in the blood and is dubbed the deoxyhemoglobin-related (deoxyHb) signal component, whereas the temporal evolution of S 0 reflects changes not related to deoxyhemoglobin and is therefore dubbed the deoxyhemoglobin-unrelated (non-deoxyHb) signal component (Kim and Ogawa, 2012) . TE1 (13.5 ms) and TE2 (40.5 ms) were selected so that their mean value was the optimal TE (27 ms) for BOLD contrast at 7 T (Siero et al., 2011) . Hence, the BOLD signal at optimal TE could be calculated as the geometric mean of S 1 (t) and S 2 (t):
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Assuming a single compartment mono-exponential decay of the MRI signal, T 2 * (deoxyHb component), and S 0 (non-deoxyHb component) were calculated (Beissner et al., 2010; Chung et al., 2015) :
It should be mentioned that the amplitude of S 0 (t) also includes contributions from proton density, receiver sensitivity, and T 1 weighting. T 2 * values that were negative or larger than 100 ms were omitted from further analysis. Baseline apparent T 1 maps were calculated by nonlinear least-squares curve-fitting the pre-steady state EPI images (Mazaheri et al., 2006) of TE1, i.e., the first epoch of each scan, using the formula:
where α is the flip angle and M 0 and M n are the transverse magnetization after first and n-th excitation.
Once calculated according to Eq. (1) and Eq. (2), 16 laminar timecourses of BOLD, T 2 *, and S 0 were combined into five anatomical layers (L 1 and 2, 3, 4, 5, and 6) according to the ratio of each layer's thickness to the whole cortical thickness in the marmoset's primary somatosensory cortex (S1) (Hardman and Ashwell, 2012) , and then averaged across two hemisphere and all sessions. For better visualizing the temporal dynamics in L1+2, a normalized Gaussian weighted moving filter (full width at half maximum [FWHM]=0.7 s) was applied to all three time-courses in L1+2. Session-averaged laminar responses were calculated by averaging the unfiltered time-courses from 2 s to 6 s after the stimulus onset and statistical tests were performed using onesided paired t-tests. Laminar onset times were defined by the time to 10% peak of the hemodynamic response function (HRF) (Yen et al., 2011) , which were generated by fitting each of the unfiltered timecourses of BOLD, T 2 *, and S 0 with a linear combination of three gamma density functions (Friston et al., 1998) using nonlinear leastsquares curve-fitting in Matlab. Onset time for layers without significant changes (p > 0.05) on session-averaged laminar responses were excluded. In addition, laminar time to peak and bandwidth were calculated by the time to 90% peak and the duration between 50% peak, i.e., FWHM of the same HRF. Timing values that ranked below 5% or beyond 95% of the whole dataset were treated as outliers and excluded from statistical tests. Balanced one-way analysis of variance (ANOVA) and post-hoc analysis of multiple paired t-tests were done using Matlab's anova1 and t-test functions, respectively. 3D-printed helmet/chin pieces were very effective in providing comfortable yet effect head restraint, and for the vast majority of their time inside the magnet, the marmosets were resting with their eyes closed. Occasionally, they would open their eyes to check their surroundings or momentarily adjust their body position. Supplementary Fig. S1 shows an example session with five runs spanning over 86 min of scan time.
Results

During
Up to seven runs could be performed within each two-hour session, when the marmoset was completely compliant. When excessive head or body motion was detected, both MRI scans and stimuli were interrupted. The experiments were then allowed to resume after the marmosets were again relaxed. We ran a total of 21 sessions in four marmosets. Sessions with uncorrectable head movement (2/21), or those in which only unilateral activation was detected (5/21), were discarded from further analysis. For the remaining 14 sessions included in the analysis, electrical stimulation of both hands induced robust positive BOLD responses in S1, in the secondary somatosensory cortex (S2), and in the caudate nucleus (Cd) of both hemispheres (Liu et al., 2013) . Fig. 1a shows a representative BOLD statistical t-map overlaid on the baseline anatomical image (TE=27 ms) averaged over one entire session. To show the parcellation of cortical regions, the corresponding diagram taken from a marmoset brain atlas (Paxinos, 2012) was registered to the image and the boundaries of S1 (A3b), the external (S2E) and internal (S2I) portions of S2, and Cd are shown overlaid on the right hemisphere (Fig. 1a) . Besides the robust activation of S1, S2, and Cd, significant BOLD responses can be also detected around primary auditory cortices (AuA1). We do not know the specific reasons for the activation of AuA1, as there were no specific sounds time-locked to the functional paradigm. One possibility is that the BOLD responses observed in AuA1 reflect activation of S2 being drained away via intracortical veins common to both S2 and AuA1. Another possibility is that BOLD responses in AuA1 originated from cross-modal activation of the somatosensory system (Fu et al., 2003) .
Gray matter (GM) and white matter (WM) boundaries of both hemispheres were generated by second order polynomial fitting of manually defined cortical boundaries as shown in Fig. 1b . The secondorder polynomial produced a smooth curvature, which disregarded artifacts caused by large pial veins shown on the right edge of the fitted curve. Please note that MR signal dropouts induced by the presence of pial veins were exaggerated in EPI images with long TE. In these cases, the hotspots of the BOLD activation maps in S1 were used to help define the true edge of the GM boundary on short TE EPI images. For each GM boundary point, projection lines orthogonal to the fitted gray matter boundary line were generated, as shown on the left hemisphere in Fig. 1b . Sixteen bi-linearly interpolated points along each projection line were grouped into five cortical layers (L1+2, L3, L4, L5, and L6) according to the atlas (Hardman and Ashwell, 2012) shown on the right hemisphere in Fig. 1b .
Time-courses of relative BOLD signal changes, absolute T 2 * differences, and relative S 0 signal changes were extracted from the 16 profile points as defined above and averaged across sessions. The depthdependent time-courses for each of the three different variables are shown in Fig. 2a, b , and c, respectively. Time-courses of the standard deviation for each measurement are displayed in Fig. 2d , e, and f. Higher variation of all three functional time courses was observed in L1+2 compared to other layers. As shown in Fig. 2a , positive BOLD signal changes were detected in all layers of the cortex. The largest BOLD signal changes were in L3 (0.4-0.8 mm below the pial surface), while the smallest changes occurred in L6. The onset of the positive BOLD response occurred 1-2 s after the onset of the stimulus, and the peak amplitude was reached 3-4 s after the onset of the stimulus. A noticeable post-stimulus undershoot was observed throughout the entire cortical depth from 10 s to 15 s after stimulus onset (Fig. 2a) .
Unlike BOLD, absolute T2* differences in response to somatosensory stimulation were more spatially confined across the cortical depth (Fig. 2b) . The largest ΔT 2 * changes occurred in L3 from 0.6 mm to 0.8 mm below the cortical surface. However, the smallest ΔT 2 * changes occurred in the most superficial layers of the cortex, L1+2 (top trace in Fig. 2e) . Because of the small ΔT 2 * changes in the most superficial layers, the major contributor to the BOLD signal changes was the relative S 0 signal changes (Fig. 2c ), which were highest at the cortical surface and negligible in all other layers of the cortex. Fig. 3 shows laminar profiles of baseline T 2 *, S 0, and T 1 , averaged across all sessions and all animals. The profiles include voxels from above the superficial gray matter boundary (cortical depth 0) to below the gray-white matter boundary (cortical depth 2.13 mm). The gray matter boundary point has higher T 2 * than that of L1+2 owing to partial volume influences from the CSF-rich meninges. The T 2 * (26.1 ± 4.1 ms) of superficial layers L1+2 was the lowest among all layers because the diameter of marmoset's pial vessels are around 90 μm (Guibert et al., 2010) , and the thickness of cortical layers 1 and 2 are both less than 100 μm (Hardman and Ashwell, 2012) , smaller than the imaging resolution (250 μm). Thus, L1+2 might be affected by the intravascular component of pial veins, which have T 2 *≈13 ms (Li et al., 2006) . L1+2 might also be affected by the extravascular component of pial veins running perpendicular to the main magnetic field, which induce local susceptibility gradient up to six times larger than their own radius in radial direction when TE is chosen near the tissue T 2 * (Park et al., 2008) . T 2 * values in layers 3-6 quickly recovered as a function of cortical depth (Fig. 3 , blue trace). T 1 also exhibited a laminar dependent profile (Fig. 3, red trace) . The highest values for T 1 were near the gray matter boundary, supporting the contribution of CSF. The values of T 1 throughout the cortical depth were relatively stable, but there were measurable local drops in T 1 at the border of L3 and L4, and near the white matter boundary, due to the higher myelination density in L4 and in white matter (Fig. 3) . The laminar profile of S 0 (Fig. 3 , green trace) has contributions from proton density, T 1, and from the receiver coil sensitivity profile. Because of these contributions, S 0 was highest in L1+2 and decreased monotonically with cortical depth. Fig. 4 shows the relative BOLD, relative T 2 *, and relative S 0 response amplitudes at each of the five layers from L1+2 to L6. BOLD percent signal changes were highest in L1+2-L4 and smallest in L5 and L6. On the other hand, the highest relative T 2 * percent changes were in L3-L4, stronger than in other layers of the cortex. Intriguingly, the relative S 0 response was significant only in L1+2 (~0.38%), but negligible elsewhere. This superficial S 0 functional response contributed significantly to the BOLD response in L1+2 (~1.33%), where the T 2 * percent changes (~0.80%) could not fully account for the entire BOLD response.
To visualize onset time and time to peak, time-courses of the functional BOLD, T 2 *, and S 0 changes were normalized and plotted in Fig. 5a , b, and c, respectively. Since there were no significant S 0 functional responses in layers other than L1+2, their normalized timecourses are not shown in Fig. 5c . The earliest BOLD responses (Fig. 5a ) occurred in L3 and L4, followed by L1+2, L5, and L6. This is consistent with the expected flow of information from thalamus into the cortex (Ahissar and Staiger, 2010) . Times to peak showed a similar trend as onset time. In Fig. 5b , onset time and time to peak of the T 2 * timecourses in L1+2 could not be clearly visualized due to a high temporal variation originating from the lower T 2 * baseline, which magnified physiological fluctuations during normalization of the functional timecourses. For the other layers, the earliest T 2 * onset times occurred in L3 and L4, followed by L5 and L6.
For each of the three functional variables, the averaged time-course was fitted by summing three gamma density functions. Onset time, time to peak, and bandwidth were calculated for each of the five laminar regions from the fitted HRF and are summarized in Table 1 , and L4) were significantly shorter than lower layers (L5 and L6). The T 2 * onset times seemed to follow the trend of BOLD onset times, although no significant differences were found across the different layers (ANOVA p=0.59). When comparing onset times within the same layer, T 2 * had a significantly shorter onset time than BOLD at L3 (onesided paired t-test, p=0.048); S 0 had a significantly shorter onset time than T 2 * at L1+2 (one-sided paired t-test, p=0.049). Laminar analysis of time to peak for all three functional data showed a similar trend as for the onset time (Table 1 ). The p-value for ANOVA was 0.0002 and 0.04 for BOLD and T 2 *, respectively. Post-hoc paired t-tests showed that time to peak of BOLD and T 2 * were significantly different between L1+2 & L5 (not in T 2 *), L1+2 & L6, L3 & L5, L3 & L6, L4 & L5, L4 & L6, and L5 & L6. But, no significant differences in time to peak could be found when comparing BOLD, T 2 * , and S 0 within the same layer. The FWHM of BOLD and T 2 * showed no significant differences between layers (ANOVA p=0.91 for BOLD, 0.78 for T 2 *), and no trends were observed across layers ( Table 1 ), indicating that the FWHM of BOLD and T 2 * changes were quite homogeneous across the cortical layers. When comparing FWHM of each layer between the three functional data, the T 2 * FWHM in L3 was significantly longer than that of BOLD (one-sided paired t-test, p=0.011), which was opposite to that of onset time.
Discussion
Sources of the non-deoxyHb component in superficial layers
In the present work, we show that the BOLD fMRI response to somatosensory stimulation has distinct and heterogeneous spatiotemporal characteristics across the layers of somatosensory cortex in awake T 1 T 2 * S 0 (au) Fig. 3 . Baseline laminar profiles for T 2 * (blue), T 1app (red), and S 0 (green). T 2 * was lowest in L1+2 and showed a small dent around upper L4. T 1 was higher on superficial layers and showed a small dent at the same location as T 2 * . S 0 increased sharply in the most superficial layers, peaked in the middle of L3, and decayed monotonically with the coil sensitivity profile along the cortical depth. The axis of S 0 is not shown in the plot since S 0 has arbitrary units. Error bars represent one standard deviation. Laminar segmentation: L1+2=blue, L3=green, L4=red, L5=cyan, L6=purple.
Cortical Layer
Signal Change (%) Fig. 4 . Averaged BOLD (red), T 2 * (blue), and S 0 (green) percentage signal changes across the five laminar regions of S1. Significant (t < 0.05) BOLD and T 2 * changes were detected in all five regions, whereas S 0 was only significantly different from baseline in L1+2. Additionally, BOLD changes were significantly different for some non-contiguous layer pairs as shown by red dot lines. For T2*, significant differences were observed in L1+2 compared to its adjacent layers (L3 and L4), which were also distinct from L6. . Peak-normalized laminar BOLD, T 2 *, and S 0 time-courses. For laminar BOLD time-courses, the fastest onset times appeared in L3-L4, followed by L1+2, L5, and L6. For laminar T 2 * time-courses, the ranking from BOLD was somewhat preserved besides L1+2, which was highly fluctuated. At L1+2, the onset time became obvious only when unfiltered time-courses were fitted with HRF of three gamma density functions. For laminar S 0 time-courses, only L1+2 was shown and analysis for onset time, because S 0 changes were only significant at L1+2.
marmosets. The largest and fastest BOLD signal changes were found in L1+2-L4, whereas the smallest and slowest responses were found in L5-L6 of the somatosensory cortex. The heterogeneous laminar distribution of the BOLD fMRI response was largely associated with changes in the deoxyHb component (T 2 *) throughout most of the cortical depth, with the exception of the most superficial layers (L1+2), where the deoxyHb component alone did not account for the entire BOLD fMRI response. The most superficial layers were the only ones to show a non-negligible, non-deoxyHb component (S 0 ), and we estimate the contribution of S 0 to BOLD in L1+2 to be~29%. Functional changes in S 0 are mainly attributable to changes in both proton density and T 1 , and an analysis of the possible sources of variation in both proton density and T 1 is necessary. First, it has been observed that T 1 is proportional to temperature and increases in tissue temperature due to increased neural activity (Coman et al., 2015) . However, an increase in T 1 would result in a decrease in S 0 . Furthermore, the temporal dynamics of changes in tissue temperature are significantly slower than the temporal dynamics of changes in S 0 during functional hyperemia. Therefore, it is unlikely that the changes in S 0 observed in L1+2 are due to changes in brain tissue temperature. Second, T 1 is known to be shortened by the inflow effect (Duyn et al., 1994) , especially under conditions of large flip angle and short TR relative to the tissue T 1 (Glover et al., 1996) . The inflow effect may be layer-dependent because most of the blood flowing in pial vessels runs perpendicular to the imaging plane (Guibert et al., 2010) . Hence, the inflow effect contributes more to L1+2 than to the other layers. To properly estimate the contribution of inflow to S 0 , we need to estimate the MR signal of arterial blood relative to the MR signal of brain tissue. Since we used a spatial saturation pulse below the circle of Willis, the blood signal can be calculated from a saturation recovery experiment. For this we had to estimate the arterial transit time (ATT) from the circle of Willis to the imaging plane. To the best of our knowledge, ATTs have not been reported for marmosets, but have been measured to be~266 ms in rats (Thomas et al., 2006) and~742 ms in macaques (Zappe et al., 2007) . Therefore, we assumed the ATT in marmosets to be the average of these two species (504 ms). Assuming T 1 =2.19 s (Li et al., 2015) , and proton density relative to CSF=0.83 (Leithner et al., 2010) for arterial blood, the blood signal arriving at the imaging plane at TE=0 was calculated to be 0.170. The steady state incoherent (SSI) signals of the parenchyma at TE=0 was calculated to be 0.180 by assuming T 1 =1.83 (Bock et al., 2009) , and proton density relative to CSF=0.77 (Leithner et al., 2010) for the cortex. Hence, the signal from stationary spins in the cortex was larger than the signal from inflowing arterial water spins, indicating that the inflow effect was properly minimized or even contributed negatively. Most likely, the ATT in marmosets should be closer to the ATT in rats due to a similar body weight and heart rate. Under these conditions, the signal of incoming arterial blood would be 0.095, significantly smaller than the steady state signal of the cortex. Therefore, it is unlikely that inflow effect was the source of the observed S 0 increase in L1+2.
Third, both T 1 and proton density in L1+2 could decrease due to a simultaneous reduction of the CSF volume fraction and expansion of the parenchyma volume fraction crowding by enlargement of the cerebral blood volume (CBV) during functional hyperemia (Jin and Kim, 2010) . To estimate the contribution of changes in the partial volume of CSF, SSI signals of CSF at TE=0 were calculated as follows. Assuming T 1 =4.43 s (Rooney et al., 2007) , and proton density=1 for CSF, the SSI signal of CSF is 0.137. SSI signals of the parenchyma were taken from the previous paragraph as 0.180. The average baseline CSF volume fraction has been reported to be 24.6% near the cortical surface, decreasing to 24.0% during functional hyperemia (Jin and Kim, 2010) . Thus, the S 0 signal should increase 0.15%, which partially explains the 0.38% increase of S 0 in L1+2 reported here during somatosensory stimulation. Although the S 0 signal changes indirectly induced by CBV changes at L1+2 were small, they could justify the shorter onset time observed at L1+2. CBV changes have been reported to precede BOLD functional changes Jin and Kim, 2008; Shen et al., 2008) , which is consistent with the shorter onset times of S 0 relative to those of T 2 * by 0.2 s on average (Table 1 ). The delay of the deoxyHb component change in L1+2 might originate from the time oxygenated blood needed to travel from middle layers (0.5-1 mm) with venous flow velocity of 3-6 mm/s (Kennerley et al., 2010) .
Last, a mono-exponential fitting might not perfectly describe the T 2 * signal decay of either brain tissue (Whittall et al., 1999) or venous blood (Koopmans et al., 2011) . For example, white matter, which was not included in the analysis, contains at least three compartments (van Gelderen et al., 2012) . For gray matter in the middle of the cortex, fast and intermediate T 2 decay components, which account for 5% and 95% of the total signal, respectively, have been reported (He and Yablonskiy, 2007) . Both of our echo times (13.5 ms and 40.5 ms) are much longer than the fast T 2 * component of gray matter such that its contribution to our signal is marginal. In addition, the fraction of this fast T 2 * component is small, which further minimizes its contribution to the signal. Under most fMRI experiments, TE is set to the T 2 * value of gray matter, making this fast T 2 * component invisible. While the intravenous and extravenous blood signal may be negligible in the parench- Table 1 Temporal characteristics of the laminar BOLD, T 2 *, and S 0 response in five laminar regions of S1. Times reported are mean ± standard deviation and the unit is second. P-values for ANOVA across five layers are 0.01, 0.59, 0.0002, 0.04, 0.91, and 0.78 for onset time of BOLD, onset time of T 2 *, time to peak of BOLD, time to peak of T 2 *, bandwidth of BOLD, and bandwidth of T 2 *, respectively. n/a denotes insignificant response at this layer and hence no valid onset times are available. and small diameter (Guibert et al., 2010) , it may be significant in the cortical surface (Jin et al., 2006) due to the presence of large pial veins (Guibert et al., 2010) . Thus, a mono-exponential fitting of the MRI signal might overestimate S 0 in the cortical surface. The contribution of the intravenous and extravenous component to S 0 complements the contributions of changes in the partial volume of CSF estimated above at L1+2. It also implies that T 2 * changes in our study are not contaminated by large pial veins, which are segregated into S 0 component.
Implications of mapping laminar T2* changes by dual GR-EPI
When the inflow effect was suppressed, gradient echo BOLD responses in L1+2 no longer stood out compared to those in the middle layers. After segregating the T 2 * effects surrounding pial veins and the CSF partial volume contribution, L1+2 showed significantly lower T 2 * changes compared to those in the middle layers. The larger T 2 * changes in layers 3 and 4 are correlated with the higher oxidative metabolic activities in both layers of S1 (Qi et al., 2008; Viaene et al., 2011) . Therefore, T 2 * changes are a surrogate measure of the underlying oxidative metabolic rate, which may be co-localized with laminar neural activity (Vazquez et al., 2012) . As for the temporal characteristics, both layer 4 and the lower part of layer 3 of S1 receive dense afferents from ventroposterior nucleus of the thalamus, which relay hand stimuli to the cortices (Qi et al., 2008) . Hence, layer 3 and 4 may exhibit shorter onset time compared to lower layers.
BOLD contrast is a multifaceted phenomenon, which consists of several factors other than change in blood oxygenation, including contributions from inflow effects, CSF and pial veins. Quantitative T 2 * mapping may help segregate those artifacts and provide better insight to underlying neural activity (Kundu et al., 2014) . Using a dualecho GR-EPI sequence at 7 T, we were able to map T 2 * with a spatiotemporal resolution of 0.25×0.25×1 mm 3 and 200 ms. Laminar fMRI studies in parenchyma of healthy subjects will benefit by adopting high spatiotemporal resolution and dual echoes measurement.
Comparison of our results with the existing literature
It is interesting to compare the spatiotemporal heterogeneity of the laminar BOLD response observed here in awake marmosets with findings reported in other species. In 2002, Silva and Koretsky reported the highest amplitudes of the BOLD response to somatosensory stimulation in anesthetized rats to be in layers 1-3, followed by layers 4-5 and layer 6 (Silva and Koretsky, 2002) . The present data show the same trend if the cortical layers are combined in the same manner (data not shown). However, the laminar parcellation of the somatosensory cortex in rodents and primates is dramatically different. In S1, layers 1-3 occupy ca. 40% of the cortical thickness in rats, but ca. 55% in squirrel monkeys (Hutsler et al., 2005) . Therefore, we could not follow the laminar parcellation previously used in rats. The laminar BOLD response patterns reported here are also corroborated by previous findings in anesthetized felines (Jin and Kim, 2008; Zhao et al., 2006) . In those studies, the BOLD response was highest in the most superficial layers, with a relative contribution by pial veins of up to 60% (Jin et al., 2006; Kim and Ogawa, 2012) . Under normal physiology, pial veins have shorter T 2 * than tissue and the anesthesia agent used in those studies-isoflurane-significantly dilates blood vessels, resulting in an increased venous blood volume at baseline (Fukuda et al., 2013; Ohata et al., 1999) and amplification of the BOLD response in the most superficial layers. In the primary visual cortex of awake macaques, the highest BOLD response has been reported in the cortical surface due to contribution of pial veins (Chen et al., 2013) . When large pial veins were excluded, the location of the maximum BOLD response occurred 0.6-0.8 mm in cortical depth (Chen et al., 2013) . It is similar to the location of the maximum T 2 * change in the current study, while contribution from pial veins was segregated into S 0 . Therefore, using dual GR-EPI with TE near tissue T 2 * actually might reduce large pial vein contamination from the cortical surface in laminar fMRI. Finally, when the cortical depth of the marmoset S1 was divided into three equal spaces (data not shown), our BOLD results were also comparable with findings from humans, which showed the highest BOLD response on the topmost voxel of the visual cortex (Siero et al., 2011) . Comparison of finer laminar BOLD distribution would require performing higher spatial resolution fMRI in humans.
CBV-weighted fMRI has been suggested as a better modality to study the laminar hemodynamic response Jin and Kim, 2008; Kennerley et al., 2010; Shen et al., 2008; Zhao et al., 2006) because contamination from inflow effects and draining pial veins, which occur mostly on the superficial layers, are abolished by strong T 2 * relaxation of the intravascular iron-oxide contrast agent under high magnetic field. Recently laminar CBV change was verified to co-localize with the highest neural activities in the olfactory bulb of rats (Poplawsky et al., 2015) . It further encouraged us to conduct more experiments with CBV-weighted fMRI. In the meanwhile, iron-oxide contrast agent aided CBV-weighted fMRI has been demonstrated in awake rats (Luo et al., 2007) and awake macaques (Leite et al., 2002) . We performed preliminary CBV-weighted fMRI experiments in awake marmosets (Hung et al., 2015a) . Further investigations of CBVweighted fMRI are underway to study the dynamics of the laminar hemodynamic response in awake marmosets.
Anesthetized rats show faster absolute onsets and slower absolute times-to-peak (Silva and Koretsky, 2002 ) than awake marmosets. One possible explanation is that anesthesia alters both baseline CBF and cerebrovascular reactivity such that the BOLD response is larger and lasts longer (Masamoto and Kanno, 2012) . Hence, anesthesia may affect the amplitude and temporal dynamics of the fMRI response (Ferris et al., 2006; Liang et al., 2015) . This was corroborated by a comparative study in awake and anesthetized marmosets showing the distinctive shape of HRF and inter-areal connectivity (Liu et al., 2013) . Recently multi-unit recordings in the visual cortex of ferrets revealed that neural activities at middle layer are significantly higher than other layers only under isoflurane anesthesia, but not during awake condition (Sellers et al., 2015) . This potentially questions whether layer-dependent neural activity can be inferred from anesthetized animal models to awake humans. Therefore, studying the brain hemodynamic properties in awake marmosets without confounds of anesthesia might better reflect the hemodynamic features of the human brain (MacDonald et al., 2015) as well as the pathological changes in cerebrovascular disease (Traystman, 2016) .
Limitations of the current study
It is essential to discuss the challenges and limitations of the current study. One challenge was to reliably determine the gray and white matter boundaries of the cortex so that we could do a proper segmentation of the cortical layers. Our approach was to determine the gray and white matter boundaries on the short TE images. When TE is chosen near the tissue T 2 *, the susceptibility gradient induced by pial veins can impact T 2 * values over a radial distance up to six times larger than their own radius (45 μm (Park et al., 2008) . Because the short TE was half of the tissue T2*, however, the radius of the susceptibility gradient was approximately 162 μm, which was less than the in-plane resolution (250 μm). This displacement was similar to the one caused by involuntary movements, such as pulsation and respiration. Therefore, using high resolution T 1 or T 2 anatomical images as references for laminar segmentation would not improve the laminar assignment, and thus we opted to use the short TE GR-EPI images as our reference for laminar segmentation.
Another challenge of the current study was to minimize artifacts induced by head motion, which are common when working with awake primates (Chen et al., 2012; Pfeuffer et al., 2007) . The acclimation training and individualized 3D-printed helmets used here are quite effective in restricting head motion during fMRI experiments (Belcher et al., 2013; Hung et al., 2015c; Liu et al., 2013) . The four marmosets used in the current study had passed the acclimation training and had been used for awake fMRI studies for more than three years. Two of the marmosets also went through the fixation training for visual fMRI and no incompliance issues were found (Hung et al., 2015b) . However, still a small amount of head movement is inevitable in our experiments with awake animals. We relied on a combination of rigorous motion censoring (Power et al., 2014 ) and AFNI's motion correction (Cox and Hyde, 1997) to deal with motion artifacts. When marmosets moved more than half a voxel (125 μm) within one TR (200 ms), the images before and after the motion were excluded from further analysis (12% of all data). By using a combination of well-established acclimatization training procedures, individualized 3D-printed helmets, and robust motion censoring/correction, the impact of head motion to our data was greatly minimized.
Conclusions
A heterogeneous spatiotemporal distribution of relative BOLD signal changes in response to functional stimulation was observed across the layers of the primary somatosensory cortex in awake marmosets. The mid-upper cortical layers tended to have stronger relative BOLD signal changes and faster onset times than the lower ones. When the laminar BOLD signal changes were decomposed into their deoxyhemoglobin-related (absolute ΔT 2 *) and deoxyhemoglobinunrelated (relative S 0 changes) components, the laminar ΔT 2 * showed good spatiotemporal agreement with the corresponding BOLD signal changes in all layers except the most superficial ones, supporting the notion that changes in deoxyhemoglobin concentration are the predominant source of BOLD contrast. In the most superficial layers, relative S 0 changes were found to contribute roughly 29% to the BOLD changes and to have faster onset times than those of ΔT 2 *. These superficial S 0 changes could not be explained by the inflow effect, which was minimized by spatial saturation of incoming blood, but may have originated from a functional reduction of CSF volume fraction and/or by unmodeled T 2 * changes from extra-and intra-venous compartments within the cortical surface. Therefore, the spatiotemporal characteristics of laminar BOLD signal changes in L1+2 had contributions from changes in arterial blood volume and/or by pial veins near the cortical surface. The contribution from change in arterial blood volume may be reduced by nulling the CSF volume fraction with inversion pulses (Donahue et al., 2006; Scouten and Constable, 2008) , while the influence of large veins to laminar BOLD change in the cortical surface may be mitigated by implementing spin-echo sequences (Lee et al., 1999; Yacoub et al., 2003) . Caution should be taken when interpreting the increase of laminar BOLD fMRI as an increase of underlying neural activity in the most superficial layers if contributions from functional changes of inflow, CSF volume fraction, and large draining veins are present.
